The role of short, medium and long latency reflexes in landing after a jump is poorly understood. Of special clinical interest is the condition of landing on inverting surfaces, since landing on a surface that induces ankle inversion (e.g. landing after a jump on the shoe of a teamplayer) could lead to ankle injuries (Bahr et al. 1994) . These injuries are one of the most common injuries in sport (Balduini et al. 1987 ) and could occur because of an uncontrolled or enforced inversion of the ankle. Furthermore, landing on an inverting surface is of neurophysiological interest because the role of the lower leg reflex responses, like the short (SLR), medium (MLR) and long latency responses (LLR) observed during ankle inversion movements, and their possible contribution to the prevention of these injuries are not clear. Most studies on these responses after ankle inversions have concentrated on subjects standing on a platform that was suddenly tilted in the roll plane to induce inversion of the ankle joint (Isakov et al. 1986; Konradsen & Ravn, 1990; Karlsson & Andreasson, 1992; Konradsen et al. 1997) . In healthy subjects, the first EMG activity after inversion in different standing conditions using a trap door occurred in the peroneal muscles with a latency of 54 ms (Konradsen et al. 1997) . Others found latencies of around ~85 ms for the first reproducible responses (Lynch et al. 1996) . Moreover, clinical studies compared the obtained latencies of the healthy subjects with latencies of patients with ankle instability. Although some authors found no difference in latency of the peroneal muscles between the two groups after inversion (Johnson & Johnson, 1993) , others did find longer latencies in patients with functional ankle instability compared with healthy subjects (Konradsen & Ravn, 1990; Karlsson & Andreasson, 1992) . Therefore, it is suggested that changes in response latency of the peroneal muscles may indicate changes in dynamic stability to inversion stress (Lynch et al. 1996) .
One problem with the work cited above is that ankle inversions do not normally occur during standing conditions, but rather during more dynamic conditions like running and jumping. Results from these studies during standing cannot a priori be extrapolated to jumping. For example it is known that reflex responses differ depending on the tasks performed (Capaday & Stein, 1986;  Reflex responses in the lower leg following landing impact on an inverting and non-inverting platform C. Grüneberg*, P. H. J. A. Nieuwenhuijzen* ‡ and J. Duysens* † In the lower leg, landing after a jump induces reflexes, the role of which is not well understood. This is even more so for reflexes following landing on inverting surfaces. The latter condition is of special interest since ankle inversion traumata are one of the most common injuries during sport. Most studies have investigated ankle inversions during a static standing condition. However, ankle injuries occur during more dynamic activities such as jumping. Therefore, the present study aimed at reproducing these situations but in a completely safe setting. EMG responses were recorded after landing on an inverting surface, which caused a mild ankle inversion of 25 deg of rotation (in a range sufficient to elicit reflexes but safe enough to exclude sprains). The results are compared with data from landing on a non-inverting surface to understand the effect of the inversion. In general, landing on the platform resulted in short and long latency responses (SLR and LLR) in triceps surae (soleus, gastrocnemius medialis and lateralis) and peroneal muscles (long and short peroneal) but not in the tibialis anterior muscle. Landing on the inverting platform caused significant LLRs in the peroneal muscles (which underwent the largest stretch) but not in the triceps muscles. Conversely, landing on a non-inverting platform induced larger SLRs in triceps than in the peroneal muscles. Although the peroneal LLRs thus appeared to be selectively recruited in an inverting perturbation, their role during such perturbations should be limited since the latency of these responses was about 90 ms while the inversion lasts only 42 ms. The SLRs, if present, had an onset latency of around 44 ms. In the period following the inversion, however, the responses may be important in preventing further stretch of these muscles. Duysens et al. 1993; Lavoie et al. 1997) . Furthermore, responses in the lower leg muscles at latencies of about 85 ms depend on the stretch velocity of these muscles (Lynch et al. 1996) . After landing from a jump, the velocity of this stretch may be expected to be much higher since rotation of the platform will be faster compared with the standing conditions. It is therefore hypothesized that latencies of the responses are shorter after jumps than after inversions during standing.
In addition, the present jumps on inverting surfaces were compared with those on horizontal surfaces in order to extract the specific responses related to the inversion. Studies on landing on a horizontal surface have been performed both on animals (Prochazka et al. 1977; DyhrePoulsen & Laursen, 1984) and on humans (Greenwood & Hopkins1976b; Santello & McDonagh, 1998) but no comparison is available with jumps on inverting surfaces.
The landing data from human studies showed that in triceps surae muscles the latency of the peak of stretch reflexes was 53 ms (Duncan & McDonagh, 2000) . A study on landing from forward falls found latencies of 20-30 ms in the upper limb for triceps brachii (Dietz & Noth, 1978a; Dietz et al. 1981) . Although the peroneal muscles produce large responses after inversions, their role during landings on a horizontal surface is unknown. These muscles are primarily stretched during inversion, so these muscles probably play a less important role in landing on horizontal surfaces as compared with jumping on inverting surfaces.
Furthermore, it would be of interest to know more about the specificity of the various types of response (SLR, MLR, LLR). Most authors agree that early post-landing responses are short latency spinal stretch reflexes (Greenwood & Hopkins, 1976b; Prochazka et al. 1977; Dietz et al. 1981; Duncan & McDonagh, 2000) . Others, however, have argued that these responses are in fact pre-programmed (Dyhre-Poulsen & Laursen, 1984) . Based on our previous work on stumbling (Schillings et al. 1999) it is hypothesized that such stretch responses would be quite aspecific. Later responses, however, might be expected to be increasingly more specific (Gielen et al. 1988) .
The aim of the present study was to test these various hypotheses and to investigate the reflex responses of the lower leg muscles due to landing on a surface that would or would not induce ankle inversion.
METHODS

Subjects
A group of 11 healthy active subjects (5 males and 6 females, age range 22-28 years, mean 25 ± 1.2 years) with no ankle instability or weakness and no known history of neurological or motor dysfunction participated in the study. The subjects' informed consent was obtained, in conformity with the Declaration of Helsinki for experiments on humans. The study was approved by the institutional ethical committee of the University of Nijmegen.
Platform and trap door
A platform 30 cm higher than the landing surface was used (Fig. 1) . The landing surface consisted of a box with a trap door for the left foot and a solid box with equal dimensions and equal materials for the right foot. The two boxes were positioned 5 cm in front of the platform. A pressure-sensitive strip was attached to the surfaces of the trap door to detect foot contact. During stimulus trials, the trap door induced an inversion movement of the left ankle with a rotation of 25 deg. To overcome the initial resistance of the spring of the trap door for a tilted movement, 200 g was needed for the first visible rotation and 2300 g for a rotation of 25 deg. A detailed description of the methods has been given elsewhere (Nieuwenhuijzen et al. 2002) .
To measure the degrees of rotation, a potentiometer (KMA 10/70, Philips Semiconductors and AB Electronics) was mounted in the trap door. For non-inversion trials the trap door was blocked. Subjects could not see beforehand whether the trap door was blocked or not.
EMG recordings
Using bipolar surface electrodes, EMG activity of the left lower leg muscles was recorded from m. tibialis anterior (TA), m. soleus (SOL), m. gastrocnemius lateralis (GL), m. gastrocnemius medialis (GM), m. peroneus longus (PL) and m. peroneus brevis (PB). The EMG signals were (pre-) amplified (by a factor in the order of 104-105), high-pass filtered (cut-off frequency at 3 Hz), full-wave rectified and then low-pass filtered (cut-off frequency at 300 Hz), as previously described by Duysens et al. (1991) . The electrodes for each muscle were placed longitudinally over the most prominent muscle belly with an interelectrode distance of about 30 mm. Care was taken that the interelectrode resistance was below 5 kV. The placement of the electrodes was as follows. For m. tibialis anterior, the electrodes were placed over the area of greatest muscle belly just lateral to the crest of the tibia on the proximal half of the leg. For gatrocnemius lateralis and medialis, EMG activity was recorded at the area of the greatest muscle belly of the lateral calf and the greatest muscle belly of the medial calf, respectively. For the peroneus longus muscle, the electrodes were placed distal to the caput fibulae, one-quarter of the distance between the caput fibulae and the lateral malleolus (Basmajian, 1989) . For the peroneus brevis muscle, EMG activity was recorded at three-quarters of the distance between the caput fibulae and the lateral malleolus, just ventral to the tendon of peroneus longus (Lynch et al. 1996) . The ground reference electrode was placed on the lateral femur condyl of the left leg. Proper positioning of the electrodes over the corresponding muscle bellies was verified by inspection on the oscilloscope during maximal voluntary contractions in an upright standing position. During the experiments the signals were visually inspected by on-line monitoring on an oscilloscope and on a computer display. After the experiment, cross-talk between the measured muscles was tested using Spearman's correlation test. No statistically significant correlation was observed (P > 0.05).
Experimental protocol
A typical experimental run of the randomized experiment for a single subject consisted of a total of 40 trials. Non-inversion and inversion trials were applied 20 times each in a random order. Each subject performed the landing task in a standardized way. The subject initiated the drop by positioning the left leg slightly forward and jumping from the platform by pushing off with an almost straight leg (Fig. 1) .
In this way the jumping task was standardized and jumping upwards or decreasing the speed of landing by lowering on the platform was restricted. To check whether pre-knowledge of the outcome affects the preparatory strategy, all subjects performed two subsequent experiments with pre-knowledge of the stimulus of each 10 trials. First 10 non-inversion and then 10 inversion trials were applied. The whole set-up of the experiment remained the same but the subjects were informed that the surfaces would either always tilt or not.
The landing phase of jumping was performed by simultaneously contacting the trap door with the left leg and the 'dummy' with the right leg. The subjects were instructed to land with both feet on circular plates located in the middle of each of the two boxes. Each subject practised the technique at least three times prior to the time of data collection without rotation of the trap door. To prevent the subjects having prior knowledge of whether the trap door was going to rotate or not, the wedges were replaced outside the field of vision of the subject.
Data sampling
Measurements for each trial started 1000 ms prior to the moment of landing on the trap door and lasted 2000 ms. The trigger for the start of measurement was initiated by the contact switch on the trap door. All signals were sampled at 500 Hz using an analog-digital converter and stored on hard disk.
Data analysis
The non-inversion and inversion trials were both averaged. Zero time was defined as the moment the foot touched the box. To quantify the amplitudes of the responses, the mean EMG activity was calculated between the beginning and the end of the response. For this purpose, a time window was set over the appropriate responses by visual judgment on the average EMG data obtained for each subject. To enable a proper intersubject comparison of the response amplitudes, the resulting amplitude data of each muscle were normalized with respect to the EMG activity during maximal contraction. The response latency and duration corresponded to the onset of the response and duration of the time window. To obtain the mean response of the whole population, the normalized response amplitudes of all subjects were averaged. The EMG activity prior to landing with both feet was calculated for two time windows. The EMG activity before take off (350-300 ms prior to impact) and the EMG activity prior to impact (50-0 ms) were calculated. To determine the differences of the response latency, duration, amplitude and EMG amplitude prior to landing between all muscles and between the two conditions, the Friedman two-way ANOVA by ranks was performed. If this initial analysis was significant, the Wilcoxon signed-rank test was used to test which muscles differed significantly for the two conditions. For this multiple comparison, the significance level of the Wilcoxon signed-rank test was set at P < 0.004 according to the false discovery rate procedure described by Curran-Everett (2000) . To test for possible habituation effects on the amplitude of the responses, the amplitudes of the first three trials and the last three trials of the non-inverting and the inverting condition were calculated for the PL and SOL of all subjects. In addition, we analysed two anticipation experiments to test whether pre-knowledge influences the pre-activity pattern (e.g. activity prior to touchdown) of PL and SOL. The Friedman ANOVA test was used to examine possible differences between the sequences of only inverting or non-inverting trials for PL and SOL. To compare the mean muscle pre-activity of PL and SOL, the differences of the expected and unexpected inverting and noninverting trials were tested by the Wilcoxon signed-rank test. Except for the multiple comparison test of the false discovery rate procedure after a significant Friedman ANOVA, the statistical significance level of P < 0.05 was used.
RESULTS
General perturbation characteristics
Successful inversion perturbations were defined as trials in which the subjects landed on the appropriate place (see Methods). Successful trials were obtained in at least 17 out of 20 cases for each subject. The mean percentage of successful trials for the inversion and the non-inversion condition for all subjects was 95 %. The mean time for 25 deg of rotation of the trap door was 42 ± 1.2 ms (mean ± S.E.M.; see also Nieuwenhuijzen et al. 2002) .
Response latency and duration
The averaged responses of all subjects, both for noninverting and inverting trials of the peroneal muscles (PL and PB), are shown in Fig. 2 .
Two facilitatory responses were detected following landing impact, which were termed short latency (SLR) and long latency (LLR) responses. The mean latencies and duration of these responses are shown in Table 1 .
The overall onset latency (averaged over all muscles) of the SLR was 43 ± 0.9 ms for the non-inverting and 44 ± 0.7 ms for the inverting condition. There was no statistically Lower leg reflex responses to impact J Physiol 550.3 significant difference in the onset latencies between the different muscles and between the two different conditions for all muscles (Friedman ANOVA(11) = 16.059, P = 0.139). The SLR had a mean duration of 27 ± 1.4 ms for the non-inverting and 28 ± 2.5 ms for the inverting condition. No significant differences were found for the mean latencies between muscles and conditions. The duration was measured as well. The SLR had a mean duration of 27 ± 1.4 ms for the non-inverting and 28 ± 2.5 ms for the inverting condition. The overall onset latency of the LLR was 89 ± 0.9 ms for the non-inverting and 90 ± 0.6 ms for the inverting condition. Like the SLR, there was no statistically significant difference in the latencies of the LLR between the different muscles and between the two conditions for any of the investigated muscles (Friedman ANOVA(11) = 12.513, P = 0.326). The LLR had a mean duration of 30 ± 2.5 ms for the noninverting and 28 ± 2.8 ms for the inverting condition. Similar to the SLR, there were no significant differences in response duration between muscles and conditions.
Response amplitude
Inspection of Fig. 2 reveals that the SLRs of the peroneal muscles were slightly higher for the non-inverting condition C. Grüneberg, P. H. J. A. Nieuwenhuijzen and J. Duysens than for the inverting condition. In contrast, the LLRs of the peroneal muscles were clearly more pronounced in the inverting as compared with the non-inverting condition (indicated by the darkened parts in Fig. 2 ).
For the triceps surae muscles, such as SOL and GL, the SLRs were more pronounced for the non-inverting than for the inverting stimuli, while the opposite was true for the LLRs (Fig. 3) . The differences between the two conditions observed in single subjects (Figs 2 and 3) were also seen in the average of all subjects (Fig. 4) .
The statistics showed significant effects between both conditions and muscles (Friedman ANOVA(11) = 35.833, P = 0.001). However, using the false discovery rate procedure with significance level for the Wilcoxon signedrank test of P > 0.004 (see Methods) no differences were found for the individual muscles between both conditions (PL: P = 0.075, PB: P = 0.075, SOL: P = 0.013, GL: P = 0.013, GM: P = 0.021). In TA the SLRs were absent in both conditions. The same procedure of analysis was done for the LLRs. For all conditions and muscles together the ANOVA again revealed significant effects (Friedman ANOVA(11) = 53.923, P = 0.001). Significantly smaller responses were found during the non-inverting condition compared with the inverting condition for PL (Wilcoxon signed-rank test, P = 0.003) and PB (Wilcoxon signedrank test, P = 0.003) while the triceps surae muscles and TA showed no statistically significant differences (Wilcoxon signed-rank test, P > 0.05) (Fig. 5) .
Habituation of the response amplitude
To test whether there was a sequential effect on the amplitude of the reflexes due to habituation, the first three trials of every condition were compared with the last three trials for two arbitrarily chosen muscles (showing largest SLRs and LLRs), namely SOL and PL. The amplitude of the SLR and LLR in both muscles did not change significantly indicating that habituation was not an important factor (P > 0.05). 
Lower leg reflex responses to impact
Muscle activity before landing
Prior to landing the background activity in leg muscles is known to increase (see Introduction for references). To examine a possible increase of the EMG activity prior to landing on the trap door, a period just before the landing impact (50-0 ms) was compared with the activity in a pretake-off period (350-300 ms) prior to landing (Fig. 6) . The latter period is just before push off from the platform. In all investigated muscles, the activity in the 50-0 ms time window was considerably larger than in the preceding pretake-off period, both for the non-inverting (Friedman ANOVA(11) = 86.486, P = 0.001; Wilcoxon signed-rank test for all muscles, P = 0.003) and for the inverting condition (Friedman ANOVA(11) = 86.486, P = 0.001;
Wilcoxon signed-rank test for all muscles, P = 0.003). In none of the muscles did the overall mean EMG activity between 350-300 ms and 50-0 ms prior to landing impact differ significantly between the inverting and non-inverting condition (P > 0.05), indicating that subjects had no prior knowledge of the type of perturbation that would follow.
Influence of pre-knowledge and muscle activity prior to landing
The question arose whether subjects would behave differently prior to landing if they knew beforehand the outcome of the trial, and furthermore if a learning effect would occur. Again, this was investigated for PL and SOL. In all subjects, 10 trials were performed with a non- . Mean response amplitude of the population data prior to landing Mean normalized response amplitudes and S.E. of the normalized EMG. EMG activity prior to push off (350-300 ms) (A) and prior to landing (50-0 ms) (B). The EMG activity 50-0 ms prior to landing is statistically significantly higher compared with that 350-300 ms prior to landing. No differences were found between the non-inversion and inversion a priori activity.
inverting platform and 10 trials with an inverting platform. Subjects had pre-knowledge of the type of condition. The EMG activity 350-300 ms and 50-0 ms prior to landing of PL and SOL showed no significant difference between the inverting and non-inverting trials during these pre-knowledge experiments (Friedman ANOVA(11) < 5.636, P > 0.05). Furthermore, for both time windows and both muscles the pre-knowledge experiment showed no sequential effects between the first, fifth and tenth trial in both the non-inverting and inverting condition (Friedman ANOVA(11) < 1.273, P > 0.05). Subsequently, the data from the pre-knowledge experiment were compared with the data from the randomized trials where the subjects had no pre-knowledge of the type of condition. A significantly higher EMG amplitude was observed in SOL in the 50-0 ms time period before landing during the pre-knowledge experiment for the non-inverting condition compared with the same condition during the randomized experiment (Friedman ANOVA(11) = 17.945, P = 0.003). The EMG activity, either in SOL in the 350-300 ms period or in PL in both periods, showed no significant differences between both experiments and both non-inverting and inverting conditions (Friedman ANOVA(11) < 3.218, P > 0.05).
DISCUSSION
In general, in both the inverting and non-inverting conditions of the present study there were similar large pre-activations in all muscles during 50 ms prior to landing. Following landing, however, the responses differed. The SLRs and LLRs were present in both conditions but there were differences in the amplitude of the responses in the various muscles. Compared with landing on a non-inverting platform, landing on an inverting platform caused significantly larger LLRs in the peroneal muscles (which underwent the largest stretch), but not in the triceps surae. Inversely, landing on a noninverting platform induced sizeable SLRs in triceps but only small responses in the peroneal muscles. For the inverting condition, the SLR (~ 44 ms) and LLR (~90 ms) were clearly too late to be able to resist ankle inversion during a perturbation lasting only 42 ms. Hence the importance of these reflexes must lie in the period after the rotation.
Short latency responses after landing on an inverting or non-inverting platform
The SLRs in all triceps surae muscles were especially large after landing on the non-inverting platform. These prominent SLRs in the triceps surae are consistent with previous findings. In cats dropped from a height of 0.1-0.5 m, Prochazka et al. (1977) recorded EMG bursts from the lateral gastrocnemius ~20 ms following landing impact. Anaesthesia of the foot pads (Prochazka et al. 1977) as well as blindfolding (Lewis et al. 1979 ) did not eliminate pre-programmed activity and therefore provided strong evidence that the responses were due to stretch reflexes. In man, several studies have investigated landing, including landing on false floors (Greenwood & Hopkins, 1976a; Santello & McDonagh, 1998; Duncan & McDonagh, 2000) . The mean latencies of the peak of the responses for the gastrocnemius and soleus muscles were 53 ms and 56 ms respectively and were consistent with the present findings (onset latency of 44 ms). However, responses between studies are hard to compare since these responses after a jump depend on the drop distance (Dietz et al. (1981) for the upper limb, Santello & McDonagh (1998) and Duncan & McDonagh (2000) for the lower limb). For example, Santello & McDonagh (1998) demonstrated that the amplitude of the muscle activity after impact was proportional to the range of heights from 0.2 to 1.0 m (and latency was shown to depend on amplitude). Duncan & McDonagh (2000) used a height of 0.45 or 0.70 m while the present study was based on a height of 0.3 m.
In hopping movements, which represent repeated stretch-shortening cycles of the leg extensor muscles, Dyhre-Poulsen et al. (1991) suggested that reflex activity could contribute to the initial peak and the EMG during lift off. They described the beginning of a high peak at 45 ms. During the landing impact after a drop jump, Dyhre-Poulsen et al. (1991) and Avela et al. (1996) described similar short latency reflexes in the triceps surae. Most of these studies, including the most recent one (Duncan & McDonagh, 2000) , supported the theory that the SLR found in the triceps surae after landing and during hopping were stretch reflexes, as was suggested earlier for similar reflexes after landing during running (Dietz & Noth, 1978b ).
The present data support the reflex theory for the following three reasons. First, compared with previous studies, the response latency in the present study is shorter, probably due to a higher velocity, thereby inducing a higher stretch velocity of the muscles. Previous studies have indicated that the latency of reflex responses shortened at a higher tilting speed (Lynch et al. 1996) . As might have been expected, the velocity of rotation is much higher (595 deg s _1 ) in jumping on tilting surfaces as compared with previous studies dealing with standing on tilting surfaces (up to 200 deg s _1 ; Isakov et al. 1986; Lynch et al. 1996) and walking tasks (403 deg s _1 , Nieuwenhuijzen et al. 2002) . These differences of speed can be explained by the higher impact on the trap door in the jumping task compared with other tasks (Lynch et al. 1996; Nieuwenhuijzen et al. 2002) .
Secondly, the SLRs were larger for non-inverting than for inverting surfaces, presumably because in the inversion condition the tilting of the platform acted somewhat like a Lower leg reflex responses to impact J Physiol 550.3 'false floor', damping the impact and thereby decreasing the stretch velocity of the ankle plantar flexors. Thirdly, the SLR amplitude was independent of pre-innervation, thereby making pre-programming unlikely.
Influence of pre-knowledge
In the first experiment reported in the present paper, the subjects had no prior knowledge of the type of condition. The question arises whether such pre-knowledge would change the anticipatory strategy of the subjects. For two muscles (SOL and PL), a comparison was made for the pre-activity in the different conditions with pre-knowledge (inverting of the platform) and without pre-knowledge (extracted from the randomized experiment with the possibility to invert or not invert). Significant differences were limited to higher pre-activity in SOL 50-0 ms before the expected non-inverting condition with respect to the same condition in the non-expected randomized trial. This larger pre-activity in the SOL might be caused by a different safety strategy used by the subjects in the two conditions. Presumably in the expected condition SOL was more pre-activated because the subjects intended to take more weight on the left (ipsilateral) leg. Inversely, by landing more on the non-perturbed right (contralateral) leg during the randomized experiment, the subjects perhaps decreased the amount of impact on the perturbed leg.
With respect to the issue of habituation to the responses, the present data show that there was no habituation effect in SOL and PL. The results of the EMG activity of PL and SOL prior to landing in the anticipation experiments confirmed that subjects used the same strategy within the trials and that no habituation occurred.
Long latency responses
The second type of response had a mean latency of 89-90 ms. For all lower leg muscles the latencies ranged from 85 to 91 ms. This places them closer to M3 or LLR (95 ms), as described by Petersen et al. (1998) , than to M2 or MLR (69 ms), as described by other studies (e.g. for TA 67-71 ms in Corna et al. 1996; 69-80 ms in Toft et al. 1989) . For some authors the definition of M2 is broader for TA (65-110 ms in Nardone et al. 1996) , but one then risks confusing M2 and M3. Furthermore, it is important to consider the response in all the muscles studied, especially since these responses are seen as the expression of a single synergy. For SOL, the present latency (91 ms) is too long for an M2 or MLR (compare with 78 ms in Grey et al. 2001) . For the peroneal muscles, Lynch et al. (1996) found latencies of about 85 ms and labelled them medium latency responses. Whereas our LLR shows similar latencies as described in the study by Lynch et al. , the labelling of the responses as medium latency or M2 is avoided, because it would be in conflict with the nomenclature used for other muscles. Therefore in general, we referred to these lower leg responses with a latency of 85-87 ms as LLRs (also labelled an M3 response in other studies). In contrast to the short latency responses, the long latency responses found here were more prominent in the peroneal muscles after landing on the inverting surface, compared with responses after landing on the non-inverting surface. It is tempting to speculate that these highly specific LLRs in the peroneal muscles are related to a complex balance-correcting response aimed at providing stability in the frontal plane. For non-inverting perturbations such a stabilizing response is not required and therefore a 'simple' stretch reflex is sufficient. The diffusely occurring SLR is presumably important to resist potential further muscle lengthening and in providing increased stiffness (Nichols & Houk, 1976; Kearney et al. 1997) . In contrast, the larger and more selective LLRs in PL and PB are likely to play a much more specific role, as proposed previously for LLRs in other tasks in different muscles (Sullivan & Hayes, 1987; Gielen et al. 1988 ).
Origin of these responses
If the SLR depends more on the sensitive primary afferents than does the LLR, one would expect the SLR to occur more readily following any type of perturbation that results in a minor degree of muscle stretch. This is exactly what has been found in studies involving minor stumbles during gait. Under these conditions widespread SLRs were found in all leg muscles investigated, while LLR or M3 responses appeared much more selectively in some of these muscles (Schillings et al. 2000) . Similarly, the present results showed that the SLR occurred in almost all muscles investigated while the LLR was much more specific. Therefore, the present data are consistent with the idea that the SLR is mediated predominantly by the monosynaptic I a pathway to spinal motoneurons.
In contrast, the origin of the LLR is less clear, especially in lower leg muscles. Recent studies provided evidence that transcortical reflexes do exist for lower leg muscles (Petersen et al. 1998; Grey et al. 2001) and at least contribute to the long latency response (or M3 response). For example, Petersen et al. (1998) showed clearly a strongly facilitated third peak in the TA with an onset of 94 ms, evoked simultaneously by the stretch due to ankle dorsiflexion and by stimulation of the motor cortex due to transcranial magnetic stimulation. Therefore, the origin of the LLR seems to be compatible with a 'long-loop' pathway.
Our data indicate that the LLRs are in fact quite widespread and may be part of a broader reaction or synergy, perhaps along the line of a postural reaction. Such reactions are only effective after the perturbation since the latency of these responses was about 90 ms while the inversion lasts only 42 ms. Hence the importance of these reflexes must lie in the period after the rotation.
